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Supramolecular self-assembly of peptides represents a powerful avenue to the bottom-up nanofabrication of next-generation functional materials and devices with tailored chemical and physical attributes. The self-assembly of peptides comprising α-amino acids that adopt α-helical and β-sheet structures has led to a wide range of peptide-based materials with particular applications in tissue engineering. [1] [2] [3] However, there are significant challenges in the longer-term application of these materials due to the difficulties in chemical functionalization (as the α-amino acid side chains are often involved in the self-assembly process) and proteolytic degradation.
Peptides consisting of only β 3 -amino acids, also known as β-peptides, are a class of foldamers which have an intrinsic propensity to form stable, well-defined secondary or tertiary structures, even from short tri-β 3 -peptides. [4] [5] [6] [7] The peptide monomers spontaneously self-assemble in a headto-tail fashion which is driven by a 3-point hydrogen-bonding motif associated with the 14-helical structure of N-acetyl-β 3 -peptides. 8 The 14-helical N-acetylated β 3 -peptides studied selfassembled irrespective of the monomer sequence, and can therefore be modified with specific functional groups without affecting their ability to form fibers. Assemblies of β 3 -peptide 14- helices, which take their name from the number of atoms in the hydrogen-bonded ring, 9,10 have been described previously for larger peptides, such as 10-residue β-peptides that form watersoluble aggregates in the range of tetramers to hexamers. 11 Schepartz et al. found that for β-peptides of seven to 11 monomer units, potential for association and stability of the 14-helix in water depended strongly on the peptide sequence, 12 and in 2007 successfully resolved the X-ray 4
Since β-peptides are non-natural polymers and also exhibit high metabolic and mechanical stability, by exploiting the ability of these peptides to assemble into supramolecular entities, β-peptides represent a versatile class of functional nano-and biomaterials. 8, [15] [16] [17] [18] We have previously demonstrated that these fibers were able to bundle into hierarchical superstructures, providing an avenue for the development of bio-and nanomaterials, 15, 17, 19 including the functionalization of β 3 -peptides with biological motifs and tuning the biological signal by the coassembly of β 3 -[LIA] to generate a hybrid 2D bioscaffold. 19, 20 This bottom-up design template is extremely powerful as the behavior and function of the interfaces are "built-in" to the small peptide building blocks via the constituent β-amino acids, which manifest functionality when self-assembled into fibers. The effect of β 3 -amino acid sequence on the superstructure of three isomeric β-peptides, Ac-β 3 [LIA], Ac-β 3 [IAL] , and Ac-β 3 [ALI], 21 was also examined and showed noticeably different superstructures for the three peptides by AFM, while far-infrared spectroscopy indicated similarity of the core structures, and that in water the carboxyl group was solvated in the assemblies. In separate studies it was further demonstrated that the physicochemical properties of the solvent have a strong effect on the lateral association of the nanorods which leads to superstructures of diverse geometries (Table 1) . 8, 21, 22 These studies demonstrate that spatial distribution of different non-polar side chains and the solvent play a subtle yet important role in the self-assembly of these small molecules, which in turn impose fundamentally different structural characteristics on the resulting self-assembled nanomaterials.
Despite the advancements in high-resolution imaging methods and microscopy techniques, characterization of the atomic structural features of these supramolecular self-assembled β-peptide systems remains a challenge. Development of structure-based criteria is essential for the design of stable β 3 -peptide nanomaterials with tailored function and to allow full exploitation of this bottom-up approach to the fabrication of peptide-based materials. 29 and have shown the effects of solvents at various levels of detail. [29] [30] [31] More recently, theoretical and computational methods have also proven to be a powerful tool in the investigation and modulation of intermolecular, noncovalent interactions between selfassembling peptides or proteins in solution to produce materials with predetermined motifs 32 and morphologies, including desired symmetries. 33, 34 Much work has been done on the computational design and characterization of β-peptide assemblies. In 2002, the group of DeGrado et al. used molecular mechanics to design a 14-helix 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 β 3 -peptide with enhanced helix-helix interactions when the two helices were connected by a disulfide bond. 35 Following their development of a computational approach for the design of computed helical anti-membrane protein (CHAMP), 36 the DeGrado group utilized computational and experimental methods to determine the characteristic IR signature of 14-helix β-peptides 37 and develop a rotamer library for β-peptide backbones, 38 culminating in the release of the Nonnatural Automated Protein or Ligand (NAPOLI) platform 39 and the computational design of the membrane-targeting 14-helix β-peptide β-CHAMP. 40 In their atomistic studies of β-peptide association, the Yethiraj group found that peptide sequence has a strong effect on the orientational order of β-peptide self-assembled monolayers, 41 self-assembly of dimers and trimers, 42 and pKa shifts in the β-peptide side chains. 43 They also found that amphiphilic β-peptide aggregation is driven by entropy or energy, depending on the solvent. 44 In a series of coarse-grained (CG) studies, the Yethiraj group were able to fit a CG model and theoretical structure factor to small-angle X-ray scattering data to characterize the nanostructure of β-peptide assemblies, 45 and found that at the CG level of theory, aggregation, fiber stability, and self-assembly of micelles also depended strongly on the peptide sequence. 46, 47 In their series of studies on β-peptide structure and association, the De Pablo group used potential of mean force to examine the relative stability of the 12-and 14-helices in implicit and explicit solvents, 48, 49 and found that entropic effects play a role in the stability of β-peptides in explicit water, and the helical folded structure is due to balance between intra-peptide interactions and water-mediated interactions. 50 They also found a decrease in hydrophobic solvent-accessible surface area in explicit solvent, and upon dimerization. 51 To explore the interaction landscape of these peptides further, they applied metadynamics to obtain the multidimensional free energy of dimerization, which showed that β-peptides can exhibit a variety of interactions, dependent on orientation, which elucidate the behavior seen experimentally. 52 Overall, these studies have largely focused on monomers or bundles of 2-8 monomers, or coarse-grained assemblies, and to date there are no reports focused on the atomistic computational modelling of β 3 -tripeptide-containing nanofibers.
Despite intensive research, the atomic-level characteristics of full β-peptide nanofibers have never been elucidated. While several tools exist for the construction of helices and coiled coils of α-L-amino acids, such as YASARA, 53 MODELLER, 54 CC Builder, 55 and the NAPOLI platform for non-natural peptides, 39 to the best of our knowledge nothing has been developed for the construction and assembly of β 3 -peptide coils where there is not a continuous covalent backbone along the fiber axis. We have therefore developed a systematic and sequence-independent procedure for the modeling of β 3 -peptide helices, following a protocol similar to our previous studies of cyclic 56 and linear 57 triple helices of poly(methyl methacrylate), as well as coiled-coil standard α-L-amino acids. 58 Specifically, we employed explicit atomistic solvent MD simulations to investigate the core nano-fiber structures of the N-acetylated tri-β 3 -peptides Ac-
and Ac-β 3 [ALI], in polar protic, polar aprotic, and nonpolar solvents.
Detailed X-ray fiber diffraction data was collected from aligned fibrils formed by Ac-β 3 [LIA] in water and used to validate the model structure. The resultant structures provide insight into how side-chain geometric placement and solvent physicochemical properties influence the core fiber structure of a full β-peptide fiber, which consequently affect the fibers' superstructure morphology. 8 Structural modeling of an Ac-β 3 [LIA] fiber in water. As the timescales for the selfassembly of full β-peptide nanofibers are beyond the reach of current atomistic simulation techniques, we constructed a series of model fiber configurations and allowed the wellparameterized molecular mechanics force field to relax the structures by molecular dynamics simulations in explicit solvent, which were then compared to the fiber X-ray diffraction data.
RESULTS

Assembly of
Because isoleucine is the most hydrophobic of the three residues, 59 initial fiber cross-sections of three to six Ac-β 3 [LIA] peptides were constructed with the isoleucines forming a hydrophobic core. Cross-sections of threefold, fourfold, and fivefold radial symmetry were arranged with the isoleucines in hydrophobic contact (~4 Å) of the adjacent isoleucine, while for the six-fold radial symmetry the closest contact that could accommodate six tripeptides was ~6 Å (Figure S2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Supporting Information). Cores formed by leucine and combinations of isoleucine and leucine were also tested, as well as parallel and antiparallel arrangements and N-terminal acetyl capping.
Of the four initial radial geometries, only structures with a threefold radial symmetry, parallel alignment, N-terminal acetyl capping, and isoleucine in the hydrophobic core resulted in stable fibers. These fibers exhibited a measurable helical pitch and periodicity of 152 ± 18 Å and 33 ± 4 tripeptides per turn, respectively. These fibers formed a triple helical coiled coil motif, characterized by a hydrophobic core of isoleucines, with the twist along the fiber axis arising from a maximization of contacts between the leucines and alanines of adjacent tripeptides on the solvent-exposed surface of the fiber ( Figure 2A , Figure S3 , Supporting Information).
A single layer of the model generated with three subunits was arranged in a unit cell with dimensions a=23 Å, b=24 Å, c= 5.2 Å, α=β=γ=90° ( Figure 1C ) and CLEARER 60 was used to calculate a fiber diffraction pattern in which c corresponds to the fiber axis.
Comparison with the experimental data shows an exceptional match at all diffraction signal positions except at the strong reflection 24 Å which arises from the edge of the unit cell ( Figure 1D ). Significantly, model cross-sections with other than threefold radial symmetry failed to reproduce the experimental diffraction signals ( Figure S4 , Supporting Information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 fewer lateral intra-fiber interactions is more available for branching and association with free Ac- peptides formed short, straight fibers in both chloroform and acetone. [a] Percentage of possible backbone hydrogen bonds in the core that are occupied on average.
[b] Solvent-accessible surface area of the fiber core, excluding the cross-sections.
[c] Contact area between a single strand in the fiber core and the two adjacent strands Structure of Ac-β 3 [ALI] fibers in water and alcohols. For the second peptide, Ac-β 3 [ALI], the isoleucine is directly adjacent to the C-terminal carboxylic acid and cross-sections constructed with the isoleucines in the core also place the carboxyl group in the core, which failed to produce stable fibers. Subsequently, we built cross-sections with the leucines forming the core. These still failed to produce stable structures until we rotated the C-terminal backbone in order to place the isoleucine adjacent to the alanine of the same tripeptide monomer ( Figure   4A , Figure S3 , Supporting Information). The resultant Ac-β 3 [ALI] fiber has a helical pitch of 150 ± 11 Å with 31 ± 2 tripeptides per turn, similar to the Ac-β 3 [LIA] fiber ( . The Ac-β 3 [ALI] fiber also exhibited defects along the outside of the fiber ( Figure 4C , red circles). The Ac-β 3 [ALI] peptide is the only peptide to produce dendritic structures in all of the solvents studied, 22 and this may be due to these defects, which can serve as branching points for the fiber. Similar to the Ac-β 3 [LIA] fiber, the decrease in solvent dielectric constant corresponded to an increase in helical pitch, a decrease in side-chain contacts on the fiber surface ( Figure S6 , Supporting Information), as well as an increase in the number of defects. disfavor ordered hierarchical aggregation and may be the reason for the mesh of non-aligned fibers observed experimentally. 22 Despite these differences in core structure, the fiber has the same approximate helical pitch (151 ± 21 Å, 32 ± 5 tripeptides per turn) as the Ac-β 3 [LIA] fiber. While these Ac-β 3 -tripeptides have not been synthesized experimentally, they all formed stable fibers with core structures broadly similar to their analogues containing the same middle residue ( Figure S3 , Supporting Information).
Comparison between structural characteristics and experimental morphology.
A comparison between the characteristics of the model structures of each and their experimental morphology from AFM is presented in Table 3 . In general, a decrease in dielectric constant was associated with 1) an increase in helical pitch and units per turn, 2) an increase in backbone stability as described by backbone hydrogen bonds, 3) an increase in solvent-accessible surface area, and 4) a decrease in contact area between adjacent strands (Table 2 ). For polar protic solvents, the decrease in dielectric constant from water to 2-propanol is also associated with an increase in structural defects, which may serve as branching points for the dendritic fibers. In polar aprotic and nonpolar solvents, the fiber core is formed by carboxyl groups and there is minimal periodicity which experimentally corresponds to short straight fibers. Overall, while all N-acetylated β-peptides adopt a 14-helix and self-assemble irrespective of amino acid sequence, the results clearly show that the influence of small changes in either the sequence or the solvent environment on fiber morphology can be modeled using the methods established here. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19
CONCLUSIONS
In summary, we have described the structural model for a stable three-stranded helical coiled coil for self-assembled N-acetyl-β 3 -peptides using X-ray fiber diffraction and molecular dynamics simulations. These 14-helical structures are distinct from α-peptide helical structures, with approximately three residues per turn and self-assembly is mediated by a head-to-tail Hbonding motif. The triple 14-helical coiled coil motif is characterized by a strongly hydrophobic core with the twist along the fiber axis arising from a maximization of contacts between the leucines and alanines of adjacent tripeptides on the solvent-exposed surface of the fiber. While the structure of Ac-β 3 -[LIA] was determined and validated using X-ray fiber diffraction, the rigorously parameterized force field model for the β 3 -peptides in various solvents can be used to determine the atomistic structure of β-peptide systems even when X-ray fiber diffraction data is not available. Furthermore, the atomistic features in the model structure can be correlated to relatively larger-scale morphological features from techniques such as AFM. The methods established in this study will be used to explore the fibril structure for other materials derived from N-acetylated-β 3 -peptides and provide the basis for rational engineering of nano-and biomaterials.
METHODS
Preparation of Ac-β 3 [LIA] fibers. The Ac-β 3 [LIA] was synthesized using the solid phase peptide synthesis as previously described. 8 The peptide was dissolved in 0.2 micron filtered, milli-Q water (1mg/ml) and incubated at 37 ˚C for up to three days.
Electron microscopy. 4 µl of fiber solution (1mg/ml) in water at pH 6 was placed onto 400 mesh copper carbon/formvar coated electron microscopy grids (Agar Scientific Ltd) and allowed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 to adhere before being blotted using filter paper and washed with 4 µl filtered, milliQ water. The grid was blotted and 2% w/v uranyl acetate was used to negatively stain the sample and then blotted. Dry grids were examined using a JEOL 1400 plus transmission electron microscope operated at 120 kV at 10 K and 50 K magnification.
X-ray fiber diffraction. Following incubation, 10 µl of fibrillar peptide solution (1 mg/mL in water, pH 6) was placed between two wax tipped 0.7 mm capillary tubes placed in a glass petri dish that was sealed using a parafilm to reduce evaporation and to slow alignment. Samples were allowed to air dry at room temperature to produce a partially aligned fiber sample. This method has been extensively described previously for alignment of other protein fiber samples. [61] [62] [63] Samples are air-dried but not dehydrated by this method.
The peptide fiber sample on the capillary tube was placed on a goniometer head and data were collected using a Rigaku rotating anode (CuKα) and Saturn CCD detector (Rigaku, Seven Oaks, UK), with a specimen to film distance of 100 mm and exposure times of 60 s. CLEARER was used to process the diffraction data to aid unit cell determination and to calculate the diffraction patterns from potential model structures arranged into potential unit cells 60 using methods previously described. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 backbone structure despite the different peptide lengths and side chains, which justifies the use of the Ac-β 3 [WSI] tripeptide as template for the backbone structure of the tripeptides in this study ( Figure S7 ). Fiber cross-sections of three to six β 3 -tripeptides were prepared based on a maximization of hydrophobic groups in the fiber core with a side chain-side chain intermolecular distance of ~4 Å, while maintaining maximum solvent exposure of the C-terminal carboxyl groups. The angle between a line from the center of mass of each tripeptide and the center of mass of the group of peptides was set to 120°, 90°, 72°, and 60° for the threefold, fourfold, fivefold and sixfold radial symmetry, respectively ( Figure S2 ). Parallel and antiparallel arrangements of the tripeptides were also examined, as well as acetyl, protonated amine, and deprotonated amine N-terminal capping. Full fibers structures were obtained by replicating the cross-section in the direction of the fiber axis of the X-ray crystal structure, in this case the x direction, up to 60 monomer units, resulting in a box length of up to 300 Å. The initial y and z box dimensions were both 50 Å, which was sufficient to prevent any initial periodic image interactions, and the systems were solvated using the genbox tool of GROMACS 4.6.5.
65
Equilibrated solvent boxes of methanol, ethanol, 2-propanol, chloroform, and acetone were obtained from the ATP database.
66
Simulation details. Force field parameters for the β 3 -peptides, as well as for methanol, ethanol, and chloroform, were taken from the gromos54a7beta310 force field. 67 The SPC model was used for water, and parameters for 2-propanol and acetone were taken from the ATP database. 66 The GROMACS 4.6.5 MD code 65 was utilized for all simulations, with a non-bond interaction cutoff of 14 Å and PME treatment of long-range electrostatics. An initial energy minimization of the β 3 -peptides in vacuum was performed with position restraints on the backbone heavy atoms 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 of 1,000 kJ mol -1 nm -2 using the steepest descent algorithm and a force tolerance of 10 kJ mol -1 nm -1 and maximum step size of 0.1 Å. Following solvation an additional energy minimization was performed using the same settings. The solvent and peptide side chains were equilibrated for 1 ns of NVT at 300 K with the position restraints remaining on the peptide backbone heavy atoms, followed by NPT simulation with the x box direction fixed and no position restraints. The temperature of the β 3 -peptides was increased linearly from 1 to 300 K over the first nanosecond of the NPT simulation, while the solvent temperature was maintained at 300 K. The velocity rescale thermostat was used for all simulations, and the Berendsen barostat was used for the NPT simulations. In all simulations, bonds were constrained using the LINCS algorithm, 68 which enabled a 2 fs time-step to be used, and simulation snapshots were saved every 10 ps. Structures were characterized as "stable" when they produced a regular and consistent pattern in the direction of the fiber axis while maintaining an alpha carbon RMSD standard deviation of less than 1 Å. For the production runs, stable fibers were re-centered in a box of dimension 170 × 60 × 60 Å 3 and re-solvated. The initial minimization and equilibration steps were repeated, followed by pure NPT with no box constraints for 25 ns. All analysis was performed on the central ten tripeptide molecules of each strand to avoid the effects of fraying at the fiber ends. Fiber models were characterized based on diameter, solvent-accessible surface area (SASA), contact area between strands, and periodicity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment ACS Nano 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ACS Paragon Plus Environment ACS Nano 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 30 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
